The purification of municipal wastewater is performed via wastewater treatment plants (WWTPs), where it is subjected to biological treatment. Surfactant-rich industrial sewage is often pretreated by different physicochemical processes, but the biological treatment is the important part of its purification [3, 9] . During wastewater treatment, and especially in the biological process of activated sludge, surfactants are partially aerobically broken down and partially adsorbed on sewage sludge flocs. It has been reported that high concentrations of the surfactant have a negative influence on sludge flock properties [1] and can lead to microorganism cell degradation [10] . The adsorption of anionic surfactants can modify the characteristics of activated sludge and inhibit some types of enzymes [11] . Furthermore, surfactants supplied to the sludge interact with carbohydrates and peptides [12] . This may reduce the degradation pattern of these compounds.
Relatively little is known about the impact of surfactants on the biological removal of nutrients. Bacteria responsible for biological nitrification, denitrification and dephosphatation processes are very sensitive to external environmental factors. The inhibitory effect of LAS against nitrifying bacteria has been described in some works [13, 14] . The LAS concentration causing a 50% inhibition (IC 50 ) against nitrifying bacteria has been set at about 2 mg/dm 3 . These results indicate that surfactants, even at low concentrations, may strongly affect wastewater treatment efficiency. Unfortunately, there are no experimental data on surfactant effects on biological phosphorus removal. Some papers deal with surfactant effects on the fermentation of sludge from wastewater treatment plants [15, 16] . Authors have reported that LAS promoted sludge hydrolysis in the anaerobic fermentation and, thus, enhanced phosphorus release. However, those results relate to sludge processing and not wastewater treatment.
The main goal of the present studies was to investigate the influence of LAS concentration on activated sludge activity and sewage purification effectiveness, including the phosphorous removal process. Considering that the effectiveness of wastewater treatment is based mostly on COD removal, the study includes the impact of LAS concentration on the biological removal of simple organic pollutants. Glucose and starch were used as models of substances representing rapid biodegradable COD (RBCOD) and slowly biodegradable COD (SBCOD), respectively. Laboratory experiments were carried out under conditions similar to those pertaining in a full-scale SBR-type bioreactor (sequencing batch reactor). The effectiveness of sewage purification was evaluated in terms of COD and nutrient concentration reduction. The condition of activated sludge was evaluated based on OUR value, granulometric measurements, and microscopic observations.
Materials and Methods

Analytical Methods
The research included investigations of the effect of LAS on glucose and starch removal. These carbohydrates were selected as examples of simple organic compounds present in sewage. Glucose concentration in the supernatant was determined via the Glucose RTU -BioMerieux test [17] commonly used to determine glucose levels in urine and blood with the enzymatic method. The method is based on colorimetric measuring of absorption at 500 nm.
The concentration of starch in the supernatant was determined via the iodometric method [18] . After the addition of an iodine excess, the absorbance of the blue complex formed between the iodine and the starch was measured using a spectrophotometer at 569 nm. The starch concentration was found from a previously prepared calibration curve.
The filtered sludge supernatant was analyzed for anionic surfactant concentration in accordance with the methylene blue method (MBAS) [19] .
The concentrations of phosphates were measured using commercial Merck tests (Spectroquant ® 114752, 114542, and 114543, respectively). The chemical oxygen demand (COD) analyses were also conducted using tests from Merck (Spectroquant ® 114541 and 114540). All colorimetric analyses were performed using a Spectroquant Vega 400 spectrophotometer (Merck).
Suspended solids of the activated sludge samples were determined according to Standard Methods [20] , and this was between 3.4 and 5.1 g·dss/dm 3 (dss -dry suspended solids).
Verification of the possible inhibitory effect of the surfactant on activated sludge was performed via the measurement of the respiratory activity of microorganisms with the application of the oxygen uptake rate (OUR) test [21] . The sludge was aerated in a 1 dm 3 vessel, keeping the dissolved oxygen level above 5 mg/dm 3 . The OUR was expressed as the decrease in dissolved oxygen content (mg·O 2 ) per time unit (h) per 1 gram of dry mass of activated sludge (g dss).
The measurement of sludge flock size distribution was performed using a laser granulometer (Mastersizer 2000, Malvern Instruments Ltd, UK), with a size measuring range from 0.02 to 2000 μm. This device calculates the particle size based on light dispersion.
Other experimental parameters, such as dissolved oxygen concentration, pH, and temperature were monitored by ELMETRON sensors.
Materials
The activated sludge used in experiments was taken from the municipal wastewater treatment plant in Swarzewo. The biological unit of this treatment plant is an anaerobic/aerobic sequencing bath reactor (SBR) with biological nutrient removal. The plant treats about 10,000 m 3 of wastewater daily (97% domestic sewage). The composition of wastewater is generally constant, with a mean anionic surfactant concentration of about 10 mg/dm 3 . The activated sludge for experiments was taken directly from the SBR aeration chamber during the sedimentation phase.
Synthetic 
Methods
The experiments were conducted in a 20 dm 3 model reactor provided with a stirrer, aeration system, and sensors (O 2 , pH, temperature).
To minimize pollutant levels the 15 dm 3 of activated sludge taken from the SBR chamber was aerobically conditioned for 24 hours (aerated to keep oxygen levels at 3 mg/dm 3 ). After the conditioning process the relevant amount of surfactant solution was added and mixed with activated sludge for 15 min. Afterward, 5 dm 3 of synthetic wastewater enriched with a carbohydrate (glucose or starch) was added. The mixture was stirred constantly to ensure steady conditions in the bioreactor. First, a 3-hour period in anaerobic conditions was provided; next, aerobic conditions (with an oxygen concentration of about 3 mg/dm 3 ) were applied by continuous aeration. The whole experimental process lasted 24 hours, analogous to the real purification cycle at Swarzewo WWTP.
During the first 6 hours of the experiment the concentration of glucose or starch was determined in the filtrated supernatant every half an hour and then after 24 hours of the process. In addition, as surfactants may affect dephosphatation processes, the concentrations of phosphates were determined in the samples of supernatant taken during experiments with synthetic wastewater enriched with starch.
Results and Discussion
The Effect of LAS Concentration on Glucose and Starch Removal
These studies examined the effect of surfactant adsorbed on the sludge on the decomposition of simple organic compounds. Glucose and starch were chosen as RBCOD and SBCOD, respectively.
The previous investigations carried out at the wide range of LAS concentrations showed that the activated sludge demonstrates a high sorption capacity (about 70 mg of LAS per 1 g of sludge dry mass.) [22] . The majority of surfactant mass flowing to the treatment plant adsorbs on the sludge flocs and, under favorable conditions (aeration, composting), undergoes biodegradation. The elimination of the LAS solutions (at concentrations used in experiment) in sludge enriched with a synthetic wastewater was investigated. The majority of the LAS elimination from sewage appears during the first minutes of the process. It can be assumed that surfactant concentration decreases mainly due to strong sorption to the sludge. When the LAS concentration in the influent is lower than 25 mg/dm The process of glucose removal in the presence of LAS is presented in Fig. 1 .
The addition of LAS did not affect the process of glucose removal. The degradation of glucose is quick and it disappears from the solution within the first 3 hours or even faster, depending on the initial glucose concentration. The calculated rate of glucose decomposition varies from 0.20 to 0.27 mg of glucose/dm Interesting results were obtained in measuring the respirometric activity of activated sludge (oxygen uptake rate, OUR). When the sludge was taken from the process in which the influent contained only glucose (no surfactant), its respirometric activity rose from an initial OUR value equal to 2.4 mg·O 2 ·h ), for all LAS concentrations. The results show that in the investigated range of surfactant concentrations the inhibition of microorganism respiration does not occur. Moreover, the surfactant, even at the highest concentration, improved sludge respiration.
The increase in microorganisms respiration in the presence of a surfactant could be assigned to an increase in the availability of organic substances associated with sludge. Activated sludge consists of microorganisms, as well as organic and inorganic matter, held together in a matrix formed by extracellular polymeric substances (EPS). The majority of these biopolymers are tightly bounded with sludge flocs (TB-EPS), but a more loosely bound part (LB-EPS) remains unattached in solution as biocolloids [23] . The anionic surfactant causing a breakdown of sludge flock agglomerations [1] releases part of the biocolloids, making them available for biodegradation and, thus, increases oxygen consumption by microorganisms.
These studies also examined the effect of adsorbed surfactant on the decomposition of starch, as an example of SBCOD compounds. Fig. 2 shows the changes of starch concentration in the supernatant that occurred during the full 24-hour purification cycles.
Removal of starch was observed in the activated sludge process both without and with surfactant adsorbed by the sludge. However, there were certain differences in the runs of the processes, depending on LAS concentration.
The rapid decrease in the concentration of starch in the first 15-30 minutes of the experiment can be attributed to two parallel phenomena: adsorption of starch to biomass [24, 25] and surfactant-starch interactions. It is known that surfactants can create complexes with both components of starch: amylase and amylopectin [26, 27] . Hydrophobic groups of surfactant complex with the amylase and linear chains of amylopectin by becoming inserted into the hydrophobic inner area of the helical structures. The saturation of starch helices by a surfactant can cause the faster loss of starch observed in the experiments with the surfactant. However, the magnitudes of starch concentration loss differ greatly. In the case of a control sample (without surfactants), adsorption on activated starch was very small and was about 20% of the initial concentration and for LAS load 2.3 mg·(g·dss) -1 it accounted for 14%. In comparison, for high concentrations the interaction of starch with a surfactant was observed to have a significant effect, as the starch concentration decreased by half in 15 minutes.
The concentration of surfactant also affects the degree of removal of starch from the sewage in the full treatment cycle. When the system was free of surfactant, or the LAS load did not exceed the value of 2.3 mg·(g·dss) -1 , the starch was removed almost completely within a period of three hours (Fig. 2) . However, at an initial LAS load higher than 15 mg·(g·dss) -1 , the reduction of starch is not complete, and after 2-3 hours (the time depends on LAS concentration) the level of residual starch remains unchanged for at least 24 hours.
The negative impact of high LAS concentrations on activated sludge metabolism was confirmed by respirometric measurements (Fig. 3) . The rate of oxygen uptake (OUR) by sludge microorganisms depends on sludge conditions and also on the availability of organic substrates. The initial OUR value for sludge used in the experiments was about 3 mg·O 2 ·h , respectively. As the process progressed, and when the starch has been exhausted, the OUR values ), despite the presence of nutrients in the sewage (Fig. 3) .
In practice, the effectiveness of wastewater treatment is based mostly on COD removal. The initial COD of sewage enriched with starch and LAS was approximately 300 mg·O 2 ·(g·dss) -1 . Within the first three hours (anaerobic conditions) a rapid decrease in COD was observed only in the case of the lowest LAS content (2.3 mg·(g·dss) -1 ). When LAS loads are higher than 4.2 mg·(g·dss) -1 , the COD value practically does not change during the first seven hours of the process. After a full 24-hour sewage treatment, in experiments with LAS loads up to 15 mg·(g·dss) -1 , the attained final COD values were similar to or lower than those in the control process (Table 1) .
These results and the increased oxygen consumption indicate that LAS, at its low concentration, slightly stimulates the degradation of pollutants in an activated sludge treatment system. For sewage with high LAS loads a COD reduction was only achieved after long-term aeration. However, this was not satisfactory, as the COD reductions were about 80%, 70% and 55% at LAS loads of 14.9, 25.6 and 40.4 mg·(g·dss) -1 , respectively. As was shown, the reduction of such high loads of COD requires a long period of aeration, much longer than the retention time in the SBR bioreactors. Unfortunately, at high LAS loads and prolonged aeration, the breakdown of sludge flocs was observed and tiny (fine) particles can be flushed out from the sludge. This may result in a deterioration of effluent parameters or may require an extended period of wastewater purification. In both cases the cost of wastewater treatment increases.
In summary, one can state that in the case of high surfactant loads (up to 14 mg·(g·dss) -1 ) the respiratory activity of activated sludge bacteria is inhibited, resulting in a limited reduction of pollutants in sewage. It is probable that at such elevated surfactant concentrations the interactions between LAS and starch are strong and may reduce the bioavailability of starch (the carbon source) to activated sludge bacteria.
Surfactant content in typical municipal sewage usually does not exceed 14 mg/dm 3 ; thus it does not negatively affect the activated sludge process. However, some industrial wastewater with high surfactant concentrations [1, 28] could have a destructive impact on activated sludge. Negative impacts of LAS on the sludge influence economic factors such as the cost of wastewater treatment (high COD in the outlet) limit the proper functioning of the bio-
The Effect of Anionic Surfactant... logical wastewater treatment (lack of nitrification and dephosphatation) and can even lead to the degradation of activated sludge. Therefore, before biological treatment such sewage should be pretreated to decrease surfactant content and for this purpose such methods as foaming, adsorption, or coagulation are suggested. The process of biological phosphorous removal occurs in two steps: in anaerobic conditions phosphorous is released from sludge to solution (supernatant); next, in the aerobic phase phosphorous is absorbed from solution and cumulated in the sludge bacteria cells. When significant amounts of LAS are present in sewage the phosphorus release and uptake are dependent on surfactant concentration (Fig. 4) .
In sludge not containing surfactant, and with an LAS load less than 15 mg LAS/g dss, typical changes in phosphorous concentration in the supernatant were observed. Within the first three hours of the experiment, under anaerobic conditions, the phosphorus content rises from about 5 mg/dm 3 to about 68 mg/dm 3 . Under aerobic conditions the concentration of phosphorus decreases to the initial concentration due to the absorption of phosphorus by polyphosphate accumulating organisms (PAO). Phosphorous release decreases when the LAS load exceeds 15 mg·(g·dss) -1 (Fig. 4) . Moreover, the intense leaching of phosphorus by activated sludge in anaerobic conditions is not followed by intense absorption of phosphorus in aerobic conditions. As can be seen from Fig. 4 , the uptake of phosphorus is relatively slow and after 24 hours the final P concentration in the supernatant is about 25-40 mg/dm 3 . Such a high LAS load can lead to disintegration of the bacteria cells. The amount of destroyed cells is rather high, so the viable cell number is decreased to such extent that their multiplication is less intensive than in the experiments without LAS addition (or even those with low surfactant concentrations), and this results in lower absorption of phosphorus.
In each experiment different sludge samples were used, and these differed in terms of activity, especially in their ability for phosphorus release and uptake. In order to evaluate the effect of LAS concentration on phosphorus removal the difference between phosphorus content in the control experiment and the experiment with LAS addition (ΔP) was calculated (equation 1): ΔP = (P) LAS -(P) contr (1) ...where: (P) LAS -phosphorus concentration in the supernatant in the process with LAS added, (P) contr -phosphorus concentration in the supernatant in the control process (no LAS added). A positive value for ΔP for the anaerobic phase (first 3 hours) indicates that LAS improved the release of phosphorus, while a positive ΔP value for the aerobic phase indicates that phosphorus uptake is hindered by LAS. The results are presented in Fig. 5 .
As can be seen from Fig. 5 , the positive influence of LAS on P release is observed only at low levels (2.3 mg·(g·dss) -1 ). However, in the presence of low doses of LAS enhanced biological phosphorous release is observed, but its absorption during the aerobic phase proceeds more slowly than in the control process. At higher LAS concentrations the release of phosphorus is lower than in control experiments. Phosphorus uptake was hindered by LAS presence at each concentration. The introduction to the wastewater of a large dose of surfactant resulted in significant changes in the biochemical transformations of the phosphorus. Phosphates were released to a lesser extent, but over a longer time. Their absorption by the activated sludge was very low. Release of phosphate during the aerobic phase indicates a disruption of the process of the synthesizing and incorporation of polyphosphates into bacteria cells. Abnormal phosphorus metabolism may suggest a toxic effect of LAS toward the phosphate-accumulating bacteria.
However, there are some advantages to the presence of surfactants at high loads. Surfactants may enhance perma-
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Dereszewska A., et al. nent phosphorus release from bacteria cells, which may be useful when considering phosphorus recovery from excessive sludge (waste-activated sludge). Such a trend has recently been observed in research and this concept has already been implemented on a full scale.
The Effect of LAS on Activated Sludge Flock Morphology
The effect of LAS on the morphology of activated sludge was analyzed via a microscopic study. Microscopic examination confirms changes in the morphology of activated sludge caused by the addition of high loads (25.6 mg·(g·dss) -1 ) of LAS (Fig. 6 ). Such high concentrations (typical only for industrial wastewater) were used in the experiment because it allows the effect of surfactants to be observed within a very short period.
The presence of surfactant in the sewage influences the vitality of protozoa, causing substantial changes in their morphology. Upon strong superficial impact of LAS changes of protozoa morphology occur and the formation of cysts is observed (Fig. 6b) . Formation of cysts is a type of a defensive response by protozoa to hazardous environmental conditions, in order to survive. However, lysis of cellular walls and total cell damage is also observed (Fig.  6c) .
The microscopic observation of sludge flocs shows that bacteria cells are also strongly affected by surfactants. Surfactant alters the shape and size of sludge flocs. Microscopic observation shows that, after the addition of LAS, the sludge flocs disintegrated, became smaller, and some of the cells were damaged. This observation is in agreement with phosphate release observed during the experiment (Fig. 4) , which was explained partly as a result of microbial cell lysis.
The effect of LAS on activated sludge flock size was assessed using granulometric measurement. Particle size analyses were carried out using the laser diffraction method. This device calculates the particle size distribution based on analysis of light dispersion. For irregular particles the equivalent spherical diameter was calculated.
The granulometric analysis shows that the activated sludge was composed of particles with sizes from 2.9 μm to 1.4 mm. The mean volume-number diameter (d 30 ) of sludge flocs (defined by the equation (2) [29] ), and calculated for dispersion of activated sludge flocs, was equal to 377 μm. …where n i is the number of particles with diameter d i .
After LAS addition to activated sludge, the particle size distribution curve has been shifted to a region of smaller sizes of particles. The flocs with a diameter above 800 μm have disappeared. The dimensions of dominating particles have decreased from about 300 μm to about 200 μm and the mean volume-number diameter of sludge flocs has decreased from 377 to 255 μm. The detailed description of changes in flocs sizes of activated sludge affected by LAS is the subject of another publication [30] .
The appearance of fine sludge flocs and released intercellular mucus has resulted in a more than 20 times higher sludge filtration time through filter paper in laboratory conditions. Furthermore, the changes of sludge flocs morphology may negatively affect some indirect parameters of sewage treatment, such as secondary clarification time, excess sludge thickening time, and the effectiveness of sludge dewatering. The worsening of the clarification caused by surfactants results from the change in the sludge sedimentation rate after its disintegration and the appearance of fine flock particles in the supernatant.
Conclusions
The sewage with LAS loads not exceeding 3 mg·(g·dss) -1 has no negative influence on the functioning of the treatment plant-, moreover, it can improve the biological activity of the sludge. When surfactant loads exceed 15 mg LAS/g dss, negative biochemical processes, such as decreasing microorganism respiration and a disruption of phosphorus uptake, are observed. LAS also affects the morphology of activated sludge, causing fragmentation of flocs and lysis of protozoa cells. The presence of surfactants at high loads in sludge may enhance permanent phosphorus release from bacteria cells, which may be useful when considering phosphorus recovery from excessive sludge.
